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Eect of yttrium addition on mechanical properties of magnesium crystals:
An atomistic study
Kazuki Matsubara
ABSTRACT
Magnesium (Mg) has received increasing attention as promising candidates for next-generation
lightweight structural materials; however, the low strength and poor plastic workability of Mg
compared with other metals are identified as critical drawbacks for technical applications. Thus,
the improvement of strength and ductility via alloying and/or heat treatment is essential for the
use of Mg for a wide range of industrial applications as structural materials. Recently, it was re-
ported that the addition of yttrium (Y) to the Mg alloys led to a well-balanced work hardening;
the ductility was distinctively improved at room temperature while maintaining comparable
strength in the Mg–Y alloy. Interestingly, it was experimentally observed that a quite small
amount of Y (even less than 1 at.%) has a remarkable eect on the deformation behavior in
Mg–Y binary alloys. It suggests that understanding the details of the mechanism responsible
for the dramatic changes in the deformation behavior of Mg–Y alloys may provide an insight
into new possibilities for developing eective and ecient processing techniques that enable the
achievement of excellent mechanical properties of Mg-based alloys. In this thesis, the author
investigated the eect of Y addition on the mechanical properties of Mg using atomistic sim-
ulations, such as molecular dynamics (MD) and first-principles (FP) calculations, and clarified
the underlying mechanisms of strengthening at an atomic level in both concentrated and dilute
Mg–Y alloys.
First, the formation mechanism of nanosized Y precipitate phases (called 0 phases), which
exhibit characteristic periodic arrays of Y-rich zigzag-shaped atomic clusters at regular intervals
of 1.1 nm, was investigated to understand their precipitation-hardening eect on the matrix in
concentrated Mg–Y alloys. The interaction energies between Y clusters at various distances
were quantitatively evaluated using FP calculations based on density functional theory. A weak
but distinct interaction between the clusters was observed and found to be caused by the inter-
play between attractive chemical interactions and repulsive relaxation energies. This interplay
determines the energetically favorable structure of the cluster arrangements, and these struc-
tures are consistent with the experimental observations. It was suggested that the long-range
intercluster interactions dominate the alignment of Y clusters, which leads to the formation of
0 precipitates in the Mg matrix, followed by the short-range clustering of Y atoms.
Second, the nature of the interactions between I1-type stacking faults (SFs) and dislocations
was investigated to understand the role of I1-SFs in the non-basal deformation behavior of dilute
Mg–Y alloys. This was because it has been suggested that the I1-SFs formed via the Y addition
to Mg may work as the nucleation source of the non-basal dislocations, which serve as impor-
tant deformation modes to improve the workability. The atomic models of pure Mg including
an I1-SF were deformed using MD calculations with multi-body interatomic potentials. The
characteristic dissociation reaction was observed at both ends of the I1-SF, where the partial
dislocations on the pyramidal plane, Shockley partial dislocations on the basal plane, and stair-
rod dislocations were nucleated. Instead of the activation of the non-basal dislocations, f11¯21g
twins were nucleated in the early stage of the reaction and steadily grown as the applied stress
was increased. It was suggested that the I1-SF was not likely to work as the nucleation source
of “multiple” hc + ai dislocations, but as the reactive lattice defect to assist and accommodate
the c-axis deformation. Besides, the deformation-induced twin boundaries were found to act as
obstacles for dislocation movement on the basal planes in the Mg matrix, which results in the
improvement of the strength of Mg.
In addition, a numerical framework for evaluating the free energies of Mg-based systems at
finite temperatures was constructed based on the quasi-harmonic approximation (QHA) using
FP density functional theory calculations. To consider the structural anisotropy of a Mg single
crystal, two individual structural parameters were introduced into the QHA scheme so that static
total energy and lattice vibration frequencies of the system were numerically described by the
approximate polynomials as a function of the lattice parameters a and c. It was found that
the proposed approach successfully reproduced the thermal expansion behavior of Mg over the
wide temperature range by adopting the second- and higher-order polynomial to describe the
lattice vibration, in a manner consistent with the experimental measurements. The nonlinear
dependence of the lattice vibration frequencies on the axial strain was suggested to play an
important role in understanding the thermal expansion anisotropy due to the anharmonicity in
the interatomic interactions.
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Fig. 1.1: Schematic diagram of the relationship between the strength and ductility of materials.
Mg???Fe?????Al???????????????????????????
????????????????????????????????????????
????????????Mg???????????Mg???????????hcp:
hexagonal close-packed??????????????????????????????
????????????????????????????????????????
??????? [5–7]?Mg???????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????? [5, 6]???????????????????????????
????????????????????????????????????????
????????????????????????
??????????????????????????????????????
???????????????????????????????????????
????????????????????????????Mg???????AZ?
?Mg–Al–Zn??LZ??Mg–Li–Zn???? ZK??Mg–Zn–Zr?????????????
AZ???????????????????????????Mg?????????
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?? ???????????????Mg???????????bcc: body-centered
cubic??????? ???????????LZ??????bcc?????? ??
?????Li????????Mg????????????????????????
???????ZK?????????????????Zn??????????? 
???????????????Zr???????????????????????
????????????????????????????????????????
?????????????????????????????????
??????????????Y??????????RE: Rare-Earth elements????
????????WE??Mg–Y–RE??EZ??Mg–RE–Zn?????????????
????????????????????????????????????????
???????????????? [8]????RE????????Mg???????
??????????????????????????? [9]?????????Mg–Y
?????? 0.03 at.%??????Y??????????????????????
???? [10]??????????????????????????????Y???
Mg??????????????????????????????????????
????????????????????????????????????????
??????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????
??????????MD: Molecular Dynamics??????????????????
?????????????????????????MD?????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????? Schro¨dinger???
3
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????????MD
????????????????????????????????????????
????????????
???????????????????????????????????????
????????Mg–Y??????????????????? Y????????
????????????????? Y?????????????????????
???????????Y?Mg?????????????????????????
???????
?? 1.2??????????????????????????? hcp??????
???????Mg–Y??????????????????????????????
????????
1.2 ????????????????
Mg?????????hcp???????Fe???Al???????????bcc??
?????????fcc: face-centered cubic???????????????????Mg
???????????????????????????????????????
??hcp????????????????????????????
1.2.1 ????
Mg???????????hcp?????????1.2(a)????????hcp????
???????1.2(a)???????????????????????????????
????????(0001)?????????????h0001i??? 2????ABABAB  ?
???????????????????????f10¯10g????????f10¯11g???
???????f11¯22g?????????hcp?????????? a??? c????
?????????????
????? hcp?????????????fcc?????????????????
?????????????????????c=a??? 1.633????????????
??Mg? c=a?? 1.624????????????????????????????
????????????????????????????????????????
???????? hcp???????????? c=a?????Ti?Zr???Zn????
???? 1.587?1.593??? 1.856??????????c=a????????????
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Fig. 1.2: Schematic of (a) the structure and (b) the slip and twin systems of a hcp crystal.
??Mg? hcp??????????????????????????
????????????????????????????????? 1.2(a)??hcp
???????????1NN: First Nearest Neighbor?,?????2NN: Second NN???
??????3NN: Third NN???????????????????? aMg  3:19 Å??
??????????????
p
2aMg  4:5 Å??????????? c=a aMg  5:18 Å
????????????????????????Y???????????????
??????????????????c=a?????????????????????
???????????????????????????????????? [11–13]?
1.2.2 ?????
?????hcp????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????Mg???????????????????????
??? hai????? [14,15]???????? f0001gh11¯20i???????????hcp
???????????????????????Mg???????????????
??????Ti??? Zr????????? hai???f10¯10gh11¯20i?????????
? [16,17]??? hcp???????????????????????????????
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?????????????????????????????????????
Mg?????? hai??????? Shockley??????????????????
?????????????????????????1=3h11¯20i ! 1=2h10¯10i+1=3h01¯10i
?????????????????????partial dislocation????????? hpi
???????????????????? fcc???????????? I2?????
?SF: Stacking Fault???????????????????????????????
?????????????????????? I2-SF???????????????
???????????????????????????????
Mg?????????????????????????????????????
????? hai?????????Mg????????c??????????????
????????????????????????????????????????
????????????????????????????????????????
?????
??????????????????????????? hai??????????
? hc + ai???????????? hai??? Ti??? Zr?????????????
?????Mg?????????????????????????????????
???????? [9]?????????????? hc + ai?????????????
????????? [9,18–33]?????????????? hc + ai?????????
?????????????????????????????????hc+ ai????
?Burgers???????????????????????????????????
????????????????????????????????????????
???????? 1.2?????????????????? hc + ai????????
????????????? hc + ai???????????????????????
???
???????????????????????????????????????
???????????hcp???????????????????????fcc??
??? bcc????????????????????????????
1.2.3 ????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
??hcp????????????????????????????? hai?????
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? hci??????????????c????????????????????hcp?
????????????????????????????????????????
????????? [34–37]???????????????????????????
????????????? [38–49]?
Mg????????? hai???????????????????????????
Mg?????????????? f10¯12gh10¯11i?? [50]????????? f10¯11gh10¯12i
?? [51,52]?????????????????????????? hcp??????
????????????????????????????????????????
?????????????? [53–56]??????????????????????
? [57]?
???????????????????????????????????????
???????????????????????Ti????? f11¯21gh11¯26i?????
?????????????????????? [55]?75Re????????????
???????????f11¯21gh11¯26i???????????????????? hcp?
???? [57]???????????????????????????????? hcp
???????????????????????????????????
???????????????????????????????????????
??????????????????????????????EBSD: Electron Back
Scatter Diraction pattern????????? [58]?????????????????
???????????????????????????????????????
? [9, 40, 44, 47, 59–62]?Mg???????????????????????????
????????????????????????????????????????
????????????????????????
1.3 Mg–Y??????????
1.3.1 Mg??????????????
???????????????????????????????Mg??????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
?????Mg???????????????????????????????RE?
??? [38, 39, 43, 46, 63–66]?RE???Mg??? JIS?????? EZ????WE?
Mg????????
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????RE?????????21Sc???????????39Y?? 2???????
?????57La?????????71Lu???? 15??????? 17?????????
???????Sc???Y???????????????????????????
? RE?????????????Sc???Y??????????????????
????????????????????RE??????????????????
?????Sc???Y?RE???????????????????????? Sc?
??Y??? 17???RE????????RE??????????????????
????????????????????????????????????????
????????????????????????????????????????
RE??????????????????????????????????????
????????
???????????????????????????????????????
????????????????????RE?????Mg??????RE?Mg??
?????????????????????????????????HAADF-STEM:
High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy???????
????????????? [67, 68]???????????????????????
?? [69–78]?????????????????????????? [79]??????
???????????????????????????????????
1.3.2 Mg??????Mg–Y?????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????? [66]?
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
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????????????????????????????????????????
???
? 1.1????????Mg–Y?????????????????????????
???????????????????????????????????????
???????????????Mg??????????????
Mg–Y?????????????????Mg???????????????Y?
???????????????????????????????????0????
??????????????????????????? [80]??? 0??????
??Y?????????????????????????????????????
????????????????? 1.1 nm???????????????????
????????????????????????????????????????
??????? [8]??????Mg???????????????????????
???????????????????Y????????????????????
????????????????????????????????????????
????????????????
Mg–Y??? ???????????????????????????????
??????????????????????????????? [9,10]????Y?
????????????????????????????????????????
??????? 0.11wt.%?0.03at.%Y?????????????????? [10]???
????????????????????????????????????????
????????????????????????????????????????
???Y???????????????????????????????????
1.3.3 Mg–Y??????????
Mg–Y?????????? 0??????????Mg–RE???????Gd??
?Nd????????????????? [8,69,71,81,82]??????????? 0?
????????????????????????????????????????
??????????????????? [83,84]????Mg–Nd?????Mg–Nd–Y
???????????????? 0???? fcc???????? 1???????
? [73–75,85]?1?? 0?????????????????? [73,74]???????
????????????????????????????????????????
??? [73, 74]?
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??????????????????????????????????????
???????????????????????????????????????
Orowan????? [14]?Orowan????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????? hcp???????????????????????????? [86]?
????????????????????????????????????????
???????????????
1.4 ??????
1.1??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???
????Mg??????????Mg–Y????????????????????
????????????????????????????????????????
????????? -Mg???????????????????????????
????????????????????????????????????????
??????????????????????????????(a)????????
??????????????????????????(b)????????????
???????(c)???????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????
???????????????Mg–Y????????????? -Mg?????
??????????? (a)???????????????????????????
?????????????Mg–Y???????(1)???????????Mg??
??????????????????????(2)???????????? -Mg?
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????????????????????????????????????????
??????????????????????????Y?Mg??????????
???????????????????????????????????Mg???
????????????????????????????????
??? (1)?????1.3????????Mg–Y????????????????
???????????????????????????????????? 0??
?Mg7Y????????????????????????????????????
?? [8]??????????????????????????????Y?????
???????????????Mg?????Y?????????????????
???????????????????????????????????Mg–Y??
????????????????????????????????????????
???????????????????????????????????? 3???
??? (2)?????1.1???? 1.3?????????Y?Mg?????????
???????????????????????????????????????
?Mg–Y?????Y??????????????? I1?????????????
???????????????????????????? [25, 31]????????
????????????????????????????????????????
????????????????Mg?????? I1???????????????
??????????????????????????????????????Mg
??????????????????????????? 4???
????Mg–Y????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???? [87]??????????????????????????????????
???????????????????hcp??????Mg???????????
????????????????????????????????????????
?????????????????? 5???
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1.5 ??????
????? 6?????????? 1??????????????????????
Mg–Y??????????????????????????????
? 2?????????????????????????????????????
?????????????????
? 3????Mg???????Y???????????????????????
?? Y????????????????????????????????????
??????????????????????????
? 4??????Mg–Y????????????????????????????
?????????????????????????Y??????????? I1?
?????????????????????????????????????
? 5???Mg????????????????????????????????
???????????????????????????????????????
? 6?????????????????????
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2.2 ?????????????
2.2.1 ????????????
??????????????????????????????????????
????????????????????????????????????????
?????????????????????? Schro¨dinger????????????
????????????????????????????????????????
?????????????Born-Oppenheimer??????????????????
????????????????????????????????????????
?????? 1000???????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
??????????????? Schro¨dinger???????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
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??????????????????????????????? [88]???????
?????????????????????????????????????
?????????? Schro¨dinger???????????????????????
???Hartree-Fock???????????????????Hartree-Fock??????
????????????????????????????Slater??????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????DFT: Density Functional
Theory?[89]???? Schro¨dinger ??????????? Kohn-Sham??? [90]??
????????????????????????????????????????
?????DFT????????????????????????? [91]????DFT
???????????????????????????????????????
???????Hartree-Fock???????????????????????????
??????????????????? [91]?DFT??????Hohenberg?Kohn?
DFT?????????? 1964???????????2014???DFT??????
????????????????????????????????????????
?????????????? [92–94]?DFT???????????????????
????????? [91, 95]???????????????????????????
??????????
2.2.2 ???????
???? DFT?????????????????????? Kohm-Sham????
???????
?????????????????????? Hohenberg-Kohn??? [89]???
???Hohenberg-Kohn?????????????????????????????
??? r???????? ????????? V ????????????????
?????????? V(r)???????????????????????????
F[(r)]???????????????????
E[] = F[] +
Z
(r)V(r)dr (2.1)
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
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???????????????????????????????????????
??????????????????????????????????????
Kohn?Sham????F[]????????????????????????Tel[]?
????????????? J[]???????????????? Eel[]?????
????
F[] = Tel[] + J[] + Eel[] (2.2)
???????????????????????? Exc??????????????
???????????????????????? T KS
el ????????????
F[] = T KSel [] +
e2
2
Z
(r)(r0)
j r   r0 j drdr
0 + Exc[] (2.3)
????e??????????????Exc???????????
Exc[] = Tel[]   T KSel [] + Eel[] (2.4)
????????????????????????????????????????
???????????????? Eel[]?????????????????????
????????????????????
???????????? nel????????????????? (2.1)???? E[]
????????????????????????????????????????
???? 
  ~
2
2m
@2
@r2
+ VSCF(r)
!
 i(r) = i i(r) (2.5)
????~?????????? i?Kohn-Sham???i???????????VSCF?
?????????????????????????????
VSCF(r) = V(r) + e2
Z
(r0)
j r   r0 jdr
0 + vxc(r) (2.6)
vxc(r)  Exc
(r) (2.7)
??? (2.5)?Kohn-Sham????????????????????????????
(2.5)?????Kohn-Sham??  i??????????
(r) = 2
nel=2X
i=1
j  i(r) j2 (2.8)
??????????????????? T KS
el ?  i????????????
T KSel [] =  2
~2
2m
nel=2X
i=1
Z
 i (r)
@2 i(r)
@r2
dr (2.9)
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???Kohn-Sham???????????????????????????????
????????????????????????????????????????
??????????????????
Kohn-Sham????????????? (2.3)??? (2.6)?????????????
E[] = 2
nel=2X
i=1
i   e
2
2
Z
(r)(r0)
j r   r0 j drdr
0 + Exc[]  
Z
(r)vxc(r)dr (2.10)
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????
??Kohn-Sham???????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????LDA: Local Density Approximation?????????Kohn-Sham????
???????????????????????LDA??????????????
???????????????????????????????????????
??LDA???????????????????????????GGA: Generalized
Gradient Approximation?????
DFT??????????????????Full-potential Linerarlized Augmented Plane
Wave ?FLAPW????????????????????? [96, 97]????????
?? FLAPW??????????????????????????????????
???????? [88, 97–101]??????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
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?????????????????????????????? Projector Augmented
Wave?PAW?? [101]???????????
2.3 ??????????????????????
??????MD???????????????????????????????
???? [102]?????? NPT?????????????????????????
????????????????????????????????????????
??????????????????????6NPT?????–??????????
????????????????????????????????????????
???????????????????????????????????????
MD????????????????????????????????MD???
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????MD????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?? ??????????MD????????????????????????
???????????????????????????????????????
?????????
MD?????????????????????????????????????
??????????????????2?????????????????????
Verlet?????????????MD??????????????????????
????????Nose´-Hoover???? Parrinello-Rahman?????????????
???????????
??????????????MD???????????? [103]????????
????MD??????????????????????????????????
?????????????????????????????????????????
???????????????????MD??????????????????
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2.3.1 Mg??????????
MD?????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????
Mi
d2Ri
dt2 = Fi (i = 1; 2;    ; NPT) (2.11)
Fi =  r(R; ;    ) (2.12)
????Mi?Ri??? Fi??? i???????????????????t?????
????? 3??????????????????????????????????
????????????????????????MD??????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????
???????????????????????????????????????
????????EAM: Embedded Atom Method??????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????EAM????????????????????????
???
Etopot =
X
i
0BBBBBB@FEAi  VI;i + 12 Xj,i i j(Ri j)
1CCCCCCA (2.13)
????FEAi ??? i??????????? VI;i?????? i??????????i j
????? 2???????????????VI;i?????? 2??????Ri j???
????????????????? i???????? j?????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????DFT???????? ? EAM?????
????????? VI ??????????Mg???????? EAM??????
?????? Sun??????????? [104]?????????????
????EAM????????????????????????????????
???????????????????????MEAM: Modified EAM??????
??? [105]?MEAM?????????????? (2.13)?????????????
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????????????????????????????????????????
???? 1??????????????????
ECOi (R) = FEAi
 
VI;i=Zi

+
1
2
X
j(,i)
i j(Ri j) (2.14)
????Zi??? i???????????????????????????????
?????????2???????????? (2.13)????????????? i?
???????????????
Ei =
1
Zi
X
j(,i)
ECOi (Ri j) +
8>><>>:FEAi  VI;i=Zi   1Zi
X
j(,i)
FEAi (VI;i0(Ri j)=Zi)
9>>=>>; (2.15)
????VI;i0?????????????????????? 2??????????
????????????????????????????????????????
?????????????????????????????
 
VI;i
2
=
P3
l=0 t
l
i

lVI;i
2
?
???????tli?????????????????? [105]????????????
?????????????????
ECOi (r) =  ESUi (1 + a)exp( a)
a = i(R=Reqi   1) (2.16)
i =
s
9BMOi 
i
ESUi
(2.17)
????Req????????????????BMO????????
??????hcp
??????
 = R30=
p
2??ESU???????????????????????????
Fi(VI) = AMEAMi ESUi VI ln VI (2.18)
????AMEAMi ??????????????????MEAM????????????
tli???? l(l = 0;    ; 3)?????????????????????????????
????????????????????????????????????????
??????????????????
??????????????????????MEAM?2NN-MEAM???????
?? [106]?2NN-MEAM??????? 1??????????????????
ECOi (R) = FEAi
 
VI;i(R) + Zi12 Xj(,i) i j(Ri j) +
Zi2S
2
X
j(,i)
i j(aRi j) (2.19)
????Zi2???????????S ??? a???????????????????
???????????????????? [106]????????????2NN-MEAM
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???????????????????????MEAM???????Mg????
?Kim???? 2NN-MEAM?????????????????????? [107]??
??????Wu???DFT??????????? hc + ai????????????
????????????? 2NN-MEAM???????????????? [108]?
????? 4???????Sun???Wu??????????????????
?????????????????MD????????????????????
???????????????????????????????????????
? [104, 108–110]??????? 2.1???????????????????????
?????????????????
2.4 ??
???????????????????????????????????????
????????????????????????????????Mg??????
????????????????????
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?3? Mg????Y????????
?????????????
3.1 ??
Mg?????????????????????????????????????
?????????????????? [1, 3, 64, 114]?Mg?????????????
????????????????????????????????????????
????????????????????????????????????????
??? [8, 86, 115]??????????RE??????Mg????????????
????????????????????????????????????????
????????RE???????????????????????Mg?????
??????????????????? [8, 63, 83, 84, 116–118]???????????
??????????????Mg????????????????????????
????????????????????????????????????????
????
?????????????HRTEM: High Resolution TEM????????????
??????HAADF-STEM????????????????????????????
Mg–RE????????????????????????????????????
??? [80–82,119]?Nishijima??HAADF-STEM?????473 K?????????
?????????? 00??? 0?????????????????? [80, 81, 119]?
???Mg7Y?????? 0???RE??????????????????????
????????????????????????????????????????
?????????????????hcp??????????????? 0.45 nm???
?RE–RE?????????????????????????? h11¯20i??????
????????????????????????????????????????
????? Fig. 3.1???????????h11¯20i?????h¯1100i????2p3aMg??
1.1 nm??????????? [80–82]????aMg? hcp-Mg? a??????????
???? 0.32 nm????????hcp-Mg?????????????????2NN?
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Fig. 3.1: Schematic of the arrangements of zigzag-shaped clusters with an intercluster distance
d and a zigzag phase : (a) in-phase (IP) and (b) anti-phase (AP) patterns. Each cluster is
formed from the Y–Y pairs at the second-nearest neighbor (2NN) positions, represented by the
bars between the Y atoms. Ordinarily aligned clusters are shown in red and inverted (half-cycle
shifted) ones in yellow.
?? 3NN??RE–RE??????????????????????????????
RE????????????????????? [11, 120]????????Mg???
?RE?????????????????????????????????????
???????????????????????????????????????
?????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????intracluster
interaction??????????????????intercluster interaction????????
????????????????????????????????????????
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????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????Mg–RE??
????????Mg–Y????????????????????????????
???????intracluster????????????intercluster???????????
???????????DFT? [90]???????????DFT??????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????Mg–Y?????????
? 0?????????????????????
3.2 ????
3.2.1 ?????
??????????????????Mg–Y?????????energetics????
?????????????DFT???????0????????????????
???????????????????????????????????? hcp-Mg
??????? (1)??????????????? d??? (2)???????????
???????????????d???????????????????????
???IP: In-Phase,? 3.1(a)????????????AP: Anti-Phase,? 3.1(b)?????
?????????????? d?????????????????????????
??????????????????????? IP???????????????
????????AP????????????????????????????Mg7Y
?? [80]??????? 0???????? 3.2(c)???????(d; ) = (2p3aMg;AP)?
???????
??????????????? 3.2?????????DFT????????????
2aMg  16
p
3aMg  cMg??????? 128?????????????????????
??? cMg? hcp-Mg???? c????????????????????? 3.1??
????????????????????????????d?
p
3aMg?? 16
p
3aMg
???????????????????????????????? 2?? Y???
????????????????????????????????????????
????????????Ncls?? nY=2???????nY?????????Y???
?????????Mg63Y?????? IP????????????[¯1100]?????
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Table 3.1: Arrangements of zigzag clusters in the hcp Mg–Y system used for DFT calculations.
Each arrangement is defined by an intercluster distance, d, and a zigzag phase,  = IP or AP.
Models with superscripts (a)–(f) correspond to the arrangements (a)–(f) in Fig. 3.3. Ncls refers
to the number of solute clusters in the 128-atom supercell.
Composition # atoms Distance Phase # clusters
nMg nY d  Ncls
Mg3Y 96 32
p
3aMg IP, AP(a) 16
Mg7Y 112 16 2
p
3aMg IP(b), AP(c) 8
Mg15Y 120 8 4
p
3aMg IP(d), AP(e) 4
Mg31Y 124 4 8
p
3aMg IP, AP 2
Mg63Y 126 2 16
p
3aMg IP(f) 1
???????????????????Mg???????????????????
???????????
??????????????Vienna Ab initio Simulation Package?VASP? [121]??
??????DFT???????????????VASP?????????PAW? [101,
122]???????????????????????????????????Mg?
???? 3s2?Y????? 4s24p64d15s2?????????????????????
???????????????????????????????1?2?3?  ???
????????????s???p???d???  ???????????????
??? Perdew???Wang???????? PW91? [123]?????????GGA?
?????????????????????? GGA??????????????
?????????? Perdew?Burke??? Ernzerhof???????? PBE? [124]?
??????????????PW91???????????????????????
Brillouin?????????? 20230?Monkhorst–Pack? k????? [125]????
??????????????? 346 eV????????????0.2 eV??????
?Methfessel–Paxton??????? [126]?????????????? 3 meV/Å??
????????????????????????????????????????
???????? Blo¨ch????????? [127]?????????
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Fig. 3.2: Periodic supercell models for the zigzag-cluster arrangements at intercluster distances
ranging from
p
3aMg to 16
p
3aMg. Gray and red spheres represent Mg and Y atoms, respec-
tively. The arrangements (a)–(f) correspond to the cases labeled in Table 3.1 with the same
characters. The dashed rectangle in (a) shows the 128-atom supercell used in the DFT calcula-
tions.
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3.2.2 ?????????????????????????
0 ????????????????Mg–Y????????? Ef ???????
???
Ef(d; ) = 1
nY
h
Ecls-arr(d; )   nMgMg   nYY
i
(3.1)
????Ecls-arr? (d; )?????????????????????X???????
???X???X?Mg???Y??????????hcp???Mg???Y????
1????????????????????nMg??? nY????????Mg???
Y?????????????????NSC????????????????????
NSC = nMg + nY????
??????????????? Einter??????????
Einter(d; ) = 1
nY
h
Ecls-arr(d; ) + (Ncls   1)Epure   NclsEcls-iso
i
(3.2)
????Ecls-iso???????????????????NSC???????????Epure
??????????????NSC??????????????Ncls????????
?????????????Mg????????????????binding?? Einter?
? [120,128]??????????????????? Einter? (d; )?????????
???????????????????????????????????????
?? Einter????????????????????Ef??????????????
????????????????????????????Ef??? Einter?????
???????????????????????????????????????
???
3.2.3 ???????
Mg??????????Y????????????Mg???Y????????
?????? 1.50??? 1.80 Å [129]??Y?????????Y??????????
?Mg?????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
?????????? hcp????????????????????????????
??????????????????????????????? hcp???????
????????????????????????????????????????
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????????????????????????????????????????
?????????????????????????????? (d; )???????
????????????????????
3.3 ???????
3.3.1 ??????????
?????????? (d; )??????????? Ef?PW91???????? (3.1)
?????????????? 3.2????????(p3aMg, IP)???????????
????????????????????????????????????????
?????????? hcp?????????? 3.2????????? Ef? 0:36??
 0:40 eV???????????????????????????????????
0.04 eV??????????????????Y?????????????????
????????????????????????????????????????
Ef?? 1/10?????? 0.04 eV?????????????
??? 0??????? (2p3aMg, AP)?????????Ef??
p
3aMg?? 16
p
3aMg
??????????????????????????????????????DFT
??????????????????????????? 0?? [80]???????
????????????????????????????????????????
?????????????????IP???AP?????????????????
???????????
Table 3.2: Formation energies (Ef) for the 0-like cluster arrangements with an in-phase (IP)
and anti-phase (AP) pattern at an intercluster distance of d in the Mg–Y system.
Distance Ef (eV/solute atom)
PW91 PBE
d  = IP  = AP  = IP  = AP
p
3aMg —  0:356
2
p
3aMg  0:379  0:395  0:371  0:388
4
p
3aMg  0:387  0:367
8
p
3aMg  0:377  0:373
16
p
3aMg  0:366 —  0:363
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???DFT??????GGA??????????????(2p3aMg, IP), (2
p
3aMg,
AP)??? (16p3aMg, IP)???????????? Ef? PBE????????????
?????? 3.2?????????? Ef??? PW91???????????????
???????????? (3.2)??????????PW91??? PBE???????
d = 2
p
3aMg???? Einter????????????????????????????
??????????? PW91???????????????????
3.3.2 ??????????????????
???????????????????????Mg?????????????
? [¯1100]????????????????????????????????????
d = 8
p
3aMg??? d = 16
p
3aMg????????????????[¯1100]??????
?????????????????????????????? 3.3??????? 3.3
?????d = 8
p
3aMg?????????????????????????????
???????????d = 16
p
3aMg??????????????????????
??????????????????
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Fig. 3.3: Local displacements of atomic layers from the ideal hcp geometry along the [¯1100]
direction, obtained for the cluster arrangements at d = 8
p
3aMg (open symbols) and 16
p
3aMg
(solid squares).
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???????????????????????????????????????
??? Y???????????????????????????????????
??d = 16
p
3aMg????????????????????????????????
?????????????????? 3 nm???????????????????
?????????????Mg?????????????????????????
???d = 8
p
3aMg????????????????? 1.5 nm???????????
???????????????? 4
p
3aMg????????????????????
??d = 8
p
3aMg????????????????????????????????
????????????????????????????????????????
?????????????(16p3aMg, IP)?????????? (3.2)????????
?????????????????????????
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3.3.3 ???????????????
(16p3aMg, IP)????Mg??????????????????????????
(3.2)??? Einter???????????? 3.4???????????????????
???????????????????Einter??????????????????
????Einter??????????????????????????????????
??????? 4
p
3aMg??????????AP???????? Einter? IP????
??????????????????? d = 2
p
3aMg???????????????
??????????
p
3aMg?? Einter???????????
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Fig. 3.4: Intercluster interaction energy as a function of distance between the zigzag clusters
with an in-phase (IP) and anti-phase (AP) pattern. Plots (a)–(f) correspond to the arrangements
(a)–(f) in Fig. 3.2.
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??????????????? Einter?????????????????????
???????(2p3aMg, AP)??? (4
p
3aMg, IP)?????????????????
Einter??? (2
p
3aMg, AP)???? 0???????????????????? Einter
??? (4p3aMg, IP)???? 0??????subset????????????????
?????????????Y???????????????? (2p3aMg, AP)???
??????????????????????????????? [80]???????
????????Einter?????????????????????????????
????????????????????????????????????? 0?
??????????????????????
3.3.4 ?????????????
???????????????????????????????????????
?????????????? [130–132]?????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????
???????????????????????????????????????
???Er??????????Y????????????????????????
??????????
Er = Elm   Eur (3.3)
??? Eur??? Elm??????????????????????????????
????????????????????????????????????????
????????????????????????????
Einter(d; ) = 1
nY
h
Elm(d; ) + (N   1)Epurelm   NEisolm
i
=
1
nY
h
Eur(d; ) + (N   1)Epureur   NEisour
i
+
1
nY
h
Er(d; ) + (N   1)Epurer   NEisor
i
= Echem(d; ) + Erelax(d; ) (3.4)
????Echem??? Erelax????????????????????????????
?????????Echem????????????????????????????
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Fig. 3.5: Intercluster interactions decomposed into the relaxation part Erelax (open symbols)
and chemical part Echem (solid symbols) as a function of intercluster distance for in-phase (IP;
triangles) and anti-phase (AP; inverted triangles) patterns.
????????????binding????????????????Erelax??????
???????????? “??”??????????????Epurelm ?????? E
pure
ur
?????????Epurer = 0????
?????????????????????????? 3.5???????????
????????????????????????????????????????
??????????? 3.5????????????Echem?????????????
??????????????????????Erelax???????????????
?????????????????Echem??? Erelax??d =
p
3aMg????????
??????????????????? Echem????? Erelax??????????
????????????????????????????????????????
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???????????????????????????d = 2
p
3aMg???? IP??
?AP?????? Einter???? Echem??????????????????????
???????????????d = 2
p
3aMg????AP????? Echem? IP???
?? Echem?????????????????????? 4
p
3aMg?????????
???IP????? Echem???AP????? Echem?????????
???????????????????????????????????????
????????????????????????????????? 1.1 nm???
????????????????????????????????????????
?????????Mg???Mg–Y???????????????????????
???? 0.65–0.75 nm??????????????????????? [104,133]??
????Mg–Y??? 0??????????????? 60–70%?????????
????????????????????????????????????? 3.4?
?? 3.5??????????4.5 nm??????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????
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3.3.5 ???????????????????
d = 2
p
3aMg???? IP???AP?????? Echem??????????????
????????????????????????????????????????
?? d = 2
p
3aMg??? d = 4
p
3aMg???????????????????????
??????????????VESTA??? [134]????????????????
??? 3.4????d = 4
p
3aMg????AP??? IP????????????Y??
?????????????????????d = 2
p
3aMg?????????????
?????????????? hcp-Mg??????????????????????
???????????AP?????????????????????????Mg
??????????????????????????????????????Mg
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Fig. 3.6: Atomic configurations (upper panels) and isosurfaces of dierence charge densities
(lower panels) of unrelaxed zigzag cluster arrangements projected on the (0001) plane: (a)
(d; ) = (4p3aMg;AP), (b) (d; ) = (4
p
3aMg; IP), (c) (d; ) = (2
p
3aMg;AP), and (d) (d; )
= (2p3aMg; IP). Gray and red spheres indicate Mg and Y atoms, respectively, while only Y
atoms are displayed as spheres in the isosurfaces. Red and blue surfaces represent positive and
negative densities (i.e., 0.0001 and  0.0001), respectively, based on the reference state of an
isolated cluster system.
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????????????????????binding????????????????
??????? d = 2
p
3aMg??????????????? Echem?????????
??????????????
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p
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??????? 3.8????Y? PDOS???TDOS???????Y? d??????
??????????????????????????????Y? PDOS????
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???????????????????????????????Mg?????
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Fig. 3.8: Partial densities of state for the Y atoms (per atom) in the cluster arrangements at d =
16
p
3aMg, 4
p
3aMg, and 2
p
3aMg with the Fermi level defined at 0 eV.
?????? Y????????????? [? 3.9(a)???? A]?????????
?????????????? [? 3.9(a)????M]????????????LDOS:
Local DOS???????LDOS?????????????????????????
????????????????????????????????????????
???????????? 3.9???????????A???????Mg???LDOS
??Mg? LDOS?????????????????Fermi????????????
??????? 3 eV?????? s????? 0.5 eV?????? p????????
??????????? LDOS?????????????????????????
??????????????????Y–Y??????Y????????????
???????? Y???????Mg?????????????????????
???????????????M???????Mg?????? LDOS?????
?????????d = 16
p
3aMg????????????? LDOS??Mg? LDOS
?????????????????? d = 2
p
3aMg????????????1.5 eV?
????????????????Fermi?????????????????????
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Fig. 3.9: Local densities of state for the Mg atoms in the cluster arrangements at d = 16
p
3aMg,
4
p
3aMg, and 2
p
3aMg: (a) Schematic of two types of sites for Mg atoms, i.e., adjacent to the
Y clusters and in the middle of two neighboring clusters in the matrix, which are labeled “A”
and “M”, respectively. (b, c) Local densities of state for the Mg atoms (per atom) at the (b) A
and (c) M sites. The results for pure Mg are also shown for comparison. The horizontal axis
indicates the energy relative to the Fermi energy.
?????M??????Mg???Y?????????????????????
???????????????????????????????????
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3.3.6 ???????????? 0??????????
??????????????????Mg???Y?????????? Ef???
????????????????????????
(i) hcp-Mg???Y??????
(ii) Y???????????????
(iii) Y?????????????
??? (i), (ii)??? (iii)?????????????????????Es,???????
????Eintra??????????????Einter?????????Ef = Es+Eintra+Einter
????
????????Mg??Y?? 1????? Es? Es = E(MgnMgY1)   nMgMg   Y ?
?????????  0:10 eV??????????????Eintra??????????
?? 1????  0:27 eV???????????????????? 3.4??????
?????Einter???? Eintra???? 1/10????????????????????
Eintra?????????????????????????????????????
??????????????????????????????Y–Y???????
????? [120]???? hcp-Mg???? 2NN??? 3NN?Y–Y?????????
?????  0:16???  0:08 eV?????????????????????????
???????????????????? 0??????????????????
????????????????????????????????????????
????????????????????????????????????????
????? Y?????????????????????????????????
????????????????????????????????????????
??????????????????????????????
????????Mg–RE?????RE?Y???Gd??????HAADF-STEM?
????????????????? [8, 80–82, 119]??????473 K??Mg–RE?
??????????????????????????????????? 0???
?? D019?????????????? 00????????????????0??
00????????????????????????????(p3aMg, AP)????
???? “????????” D019???????????Mg–RE???????? 00
?????????????????? 0?????????????????D019?
??????????????????????????????????? [0001]?
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??????????????????? [81,82]????????????? 2NN??
? 3NN?RE–RE??????????? 00????????????????????
RE–RE?????????????????????????????RE??????
????????????? [120]???????????D019?????? 0????
????????????????????????????????????????
???????????????????????????????? 0???????
???????????????????????????????????????
?????????????????????
??????Mg–Y??????????????????????????????
???????Cu–Au, Au–Ni???????????????????? [132,135,136]?
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????DFT????????
?????? [13,137]???????????Mg?????????????????
?????????????????????????????????????????
????????????????Mg–RE??????????????Mg–RE??
???????????????????????????????????????
???
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3.4 ??
?????Mg–Y????????????Y?????????????????
? 0?????????????????????????????????????
???????????????????????????????DFT??????
?????????????????Mg–Y????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????? 0????????
?????????????? 2
p
3aMg??????????????????????
???????????????????????????????Y????????
????????????????????????????????????????
???????????????????????????????????????
?????????Mg–Y???? 0??????????????????????
??????????
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?4? ?????????Mg????
???????????
4.1 ??
???????Mg??????????????????????????????
?????????hcp?????????????????????????????
???????????????????? [7, 43, 46, 66]?????????????
???????????????????????????????????????
???????Mg??????????????????? hai????? f10¯12g??
?????? [50, 138]????Mg???????????? f10¯11g????????
?? [9,51]?Mg????????????? hai??????????????????
hcp?????? c???????????????????????????????
??????????? [35, 36]?
??????????????????????????Y??Mg???????
???????????????????????????????????????
? [9, 10, 25, 139]?????????????????? c?????????????
????????????????????Y??????????????? I1???
???SF???????????????????????????????????
? [25, 31]?I1-SF?????????? c??????????????? [14, 28, 140]
???????????????????????????????????????
??????????????????Mg????????????????????
??Y?????Mg????????????I1-SF???????????????
??????????????????????
Y??????? I1-SF???????????????????????Mg–Y??
???????? I1-SF???????????? [25]??????????????
????????????????????????????????????? [25]?
Sandlo¨bes??????????? Agnew??????????? I1-SF? hc + ai??
????????????????????????????????? [9, 25, 29, 31]?
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hc + ai??????? c????????????????????????????
??????????????? 5????????????????????????
?????? [9, 31]?
?????????????????? hc + ai????????????????
f11¯22gh11¯23i????????hcp-Mg?????? hc + ai?????????????
??????????????????????????????Wu????????
???????? hc + ai??????????????????????? [108]??
?????????????????????????????hc+ ai????????
????????????????????????????????? [141]????
??????????????????hc + ai??????????????????
????????????????????????????????????????
?????????? h11¯23i?????????????????hc + ai??????
????????????????????????????????????????
????????????? [141]???????hc + ai???Mg?????????
?????????????????????????????????
??????????? c???????????????????????????
????????????????????????????????????????
???????????Mg????????????? f10¯11g????? f10¯12g??
??????????Mg–Y?? [56]?Mg–Gd–Al?? [77]???WE?? [54]???
????????? f11¯21g???????????f10¯11g????? f10¯12g??? [11¯20]
??????????? [142]?????f11¯21g??? [1¯100]????????????
?? [143]????? f11¯21g???????? c?????c???? 2???????
hai????????????? [55, 144]?????????????????? hai?
?????????????????????f11¯21g???????????????
? [144, 145]??????????????????????????????????
??????????? f11¯21g?????????????????????????
????????????????????????????????????????
????
Mg?????????????????????????????????????
????????????????????????????????????????
????? [37,146–148]??????????Mg–Y????????????????
????????????????????c?????? I1-SF??????????
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????????????????????????????????????????
????I1-SF?????????Mg???????????? hai?????????
?????????????????????????????????
4.2 I1-SF???Mg??????????
4.2.1 ?????
????? I1??????I1-SF?????Mg???????????? 4.1??I1-SF
? hcp?????? c?????????  ABABABAB  ???????????fcc?
???????????????  ABABCBCB  ???? [14,28,140]?I1-SF????
??????????????????????Berghezan???? [149]??????
??????????????I1-SF?????????????? [11¯20]??????
????????? I1-SF???????????????????????????1)
??????????????????????????2)?????????????
???????????? c????????3)??????????????????
Shockley????????????????4)??????????????????
??? I1-SF??????????????????????? 4.1(b,c)????? 4.1(c)
??????? I1-SF???????????????
????? 31.2? 3.3? 31.1 nm3??????????????? 4.1(a)?????
??y???????????????????? [0001]??????????????
?????x?????????????????????????x-y???????
??????????????????? 9 nm?? I1-SF??????I1-SF?????
?? [1¯100]???????????????????????I1-SF???? 1=6h2¯203i
????????
4.2.2 ???????
???????????????????????????????????????
?????????????????????? Large-scale Atomic/Molecular Massively
Parallel Simulator?LAMMPS? [103]?????Mg??????????????Sun?
????????????????EAM??? [104]????Wu??????????
?????????MEAM??? [108]??????????????????????
????????????????????????????????????????
???????????????????????????Nose´-Hoover? [150,151]?
?????????????1??????? 1 fs????
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Fig. 4.1: (a) Schematic of analytical model containing an I1-type stacking fault (SF) and (b,c)
its atomic arrangement.
I1-SF?????????????????????????????????? 1.0
nm??????????????????????????????????????
?????lx  ly??????????????????lx??? ly????? x???
? y??????????????????????????????????????
20 ps?????????????10 ps????? 10 MPa?????????????
???????????????????????????????????CSS???
????
???????? 300 K??????????????????????????1 K?
?????????????????AtomEye [152]????????????????
???????????????????????????????????????
?????????????????????????? 10, 11, 12??? 13?????
????,???,??????????????????????Mg????????
?? 3.62 Å????????????hcp??? fcc????????????????
12??????????????????????????????????????
???
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4.2.3 ????
???I1-SF???Mg???????????????? hai???[11¯20]?????
??????????????Sun??????????????? 4.2–4.5??Wu??
????????????? 4.6–4.8????????
???????????????????????????????????????
????????????????????????????????????????
???????? f11¯22g??????????????? f11¯21g??????????
????
???1 K???? 300 K????????????????I1-SF?????????
?????????????????????? 4.2(b),? 4.3(b),? 4.6(b),? 4.7(b)???
??300 K???????????????????????????????????
????????????????????????????
???????????????????????????????????????
???????f11¯21g????????????? 4.2(b),? 4.4(b),? 4.6(b),? 4.7(b)??
????????????? h11¯20i??????????????????CSS????
????????????????Burgers????????????????????
?????????????????????? 4.1????CSS?Wu???????
?? Sun???????? 1.02.5????????????????????????
?????CSS??????????????1 K?????????????????
??????????????????????300 K???????????????
?????????????????????Wu?????????? 1 K?????
??????f11¯21g?????????????????????????? 4.3,? 4.5,
? 4.8?????????????????????????????????????
????????????????????????????????????????
???????????
Table 4.1: Critical shear stress (CSS) along the [11¯20] direction on the basal plane.
Potential-type CSS at 1 K (MPa) CSS at 300 K (MPa)
Sun 380 330
Wu 950 330
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Fig. 4.2: (a) Atomic structure of Mg crystal with I1-SF and (b) the MD results of the transfor-
mation process of I1-SF region for the potential of Sun et al: at 1 K.
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Fig. 4.3: MD results of the nucleation process of f11¯21g twins for the potential of Sun et al: at
1 K.
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Fig. 4.4: (a) Atomic structure of Mg crystal with I1-SF and (b) the MD results of the transfor-
mation process of I1-SF region for the potential of Sun et al: at 300 K.
49
	

[ ]0211
[ ]0001
[ ]1001
	
  
  
  

	
	
Fig. 4.5: MD results of the nucleation process of f11¯21g twins for the potential of Sun et al: at
300 K.
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Fig. 4.6: (a) Atomic structure of Mg crystal with I1-SF, and the MD results of (b) the transfor-
mation process of I1-SF region and (c) the nucleation process of f11¯21g twins for the potential
of Wu et al: at 1 K.
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Fig. 4.7: (a) Atomic structure of Mg crystal with I1-SF and (b) the MD results of the transfor-
mation process of I1-SF region for the potential of Wu et al: at 300 K.
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Fig. 4.8: MD results of the nucleation process of f11¯21g twins for the potential of Wu et al: at
300 K.
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4.2.4 ??????????????????
??????????????????????????????????????
(i) ????????????
(ii) ???????????????????????????
?????????????? f11¯21g??????????????? 4.9????Sun
?????????Wu?????????????????????????????
?????????????
?? (i)??????????????Agnew?????? [31]??????????
????????????????????? hc + ai????? stair-rod??????
?????????? I1-SF???????????????????????????
???????
1=6h2¯203i ! 1=3h1123i + 1=6h4043i (4.1)
?????????? hc+ ai?????????? 1=6h40 ¯43i???? stair-rod????
????????Stair-rod???????? 2  1=3h10¯10i + 1=2h0001i????????
??????????????? hci?????????? 2hpi + 1=2hci???????
? stair-rod?????????Burgers??????????????????????
????????????????????????????
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Fig. 4.9: Atomic structures during the processes of (i) the transformation of I1-SF region, (ii)
the activation of the partial dislocation on the I1-SF, and (iii) the nucleation of f11¯21g twins from
the I1-SF region obtained from the (a) Sun’s potential and (b) Wu’s potential, respectively.
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?? (ii)??????????????????? I1-SF???stair-rod???????
???????????????????????????????? stair-rod????
1=6h4043i ! 1=6h20¯20i + 1=6h2023i; (4.2)
????????????????????stair-rod??? hp + 1=2ci????????
?????????????Agnew?????? stair-rod????? [31]??????
?????????????????????? I1-SF???????????????
I1-SF????????????? (ii)???????????????????? fcc?
????????????????????? 4.10????????????????
?? I1-SF???????????????????????????????????
? hai???????????????????????
?????????f11¯21g???????????????? (ii)?????????
hc + ai?????????????????? f11¯22g???????f11¯21g?????
??????????????????
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Fig. 4.10: Activation of partial dislocations on the I1-SF during the shear deformation at 1 K
(Sun’s potential).
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4.2.5 f11¯21g???????
I1-SF??????????? f11¯21g??????? 4.11????? 4.11(a)????
?????????? f11¯21g????????? hai???????????????
????????????????????? 4.11(b,c)?????? hcp??????
???????????????????????????????????????
4.11(d)?????????????????????????????????????
?????????? 4.11???????????????????????????
? f11¯21g????? [55, 144]????????
??????f11¯21g??????? hc+ ai????????????????????
??????????f11¯22g???? f11¯21g????????????????????
??????????????????????? 4.11(g,h)????? 4.11(g)????
? f11¯21g???????????????????????????????? 4.11(e)?
?????????f0001g??????????????A????????B????
????????????????????????????C???????????
4.11(h)????? f11¯22g????????????????????????????
???? 4.11(f)?????????????
? 4.11(g)????????????????A?????????????????
B???????????????????????????????????????
?????????????????????????f11¯21g???????? 4.11(g)?
??? f11¯22g???????? 4.11(h)??????????????????????
?????????? 4.11(h)???? f11¯22g??????? I1-SF?????????
???????????????????????????????????f11¯21g??
???????????????????????????????????????
???
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Fig. 4.11: (a) Atomic structure of the f11¯21g twin nucleated from the I1-SF region. (b) The same
atomic structure visualized using the atomic coordination number coloring. (c, d) The stacking
sequence on basal plane for both the matrix and the twin. The atomic layers parallel to (g) the
f11¯22g pyramidal II plane and (h) the f11¯21g plane are colored according to the location (depth)
of atoms, based on the units shown in (e) and (f), respectively.
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4.3 f11¯21g????? hai?????????????
4.3.1 ?????
I1-SF????????????? f11¯21g????Mg??????????????
????????????? hai????????????????????? 4.12??
?????hai????? I1-SF?????????????????????????
?????????????????? hai??????? 2??? I1-SF???????
?????????????? 191 2:2 33:1 nm3????????hai????? I1-SF
????? 90 nm????hai???Volterra??? [153]??????????????
??????????????????????????????????? I1-SF??
??????????? 2?? hai??????? 31 nm??????????????
?????????????????????????????????? 8 ps???
??????????????? 1 K???????? 500 MPa?300 K???????
? 300 MPa?????? Sun?????????????????
[ ]0211
[ ]0001
[ ]1001


	

1121
	

1/3112

0→ 1/3101

0+ 1/30110

Fig. 4.12: Schematic of the model containing the I1 stacking fault (SF) and two extended edge
hai dislocations on the basal plane.
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4.3.2 ???????
???????????????????????hai???? f11¯21g??????
???????????????? 4.13(a), A????????? hai???? 4.13(a),
B?? pile-up?????????????? hai??????????????????
?? 4.13(b), A0?????????????? 4.13????I1-SF??????? f11¯21g
????????????????????????????????????? f11¯21g
????????????????????????????????????????
??????????????????????? 4.13(c)??
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Fig. 4.13: Interaction between the f11¯21g twin and basal hai dislocations at 1 K; (a) the pinning
of hai dislocation in the vicinity of the twin boundary; (b) the unpinning and penetration of hai
dislocation into the twin region; (c) the entire model at t = 70 ps.
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Fig. 4.14: Interaction between the f11¯21g twin and basal hai dislocations at 300 K.
???300 K??????????? 4.14????????????????????
????????????1 K??????????????????????????
300 K???????????? hai???????????????????????
f11¯21g????????????????????????????????????
??????f11¯21g?????Mg???????????????????? hai?
????????????????????????????????????????
hai?????? pile-up?????????????????????????????
????????????????????????????????????????
????? c??????????????????????????????????
????????????????????????????????????????
??????????????????????????????? f11¯21g?????
???????????????????????????????????
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Fig. 4.15: Schematic image of the eect of (a) isolated solute atoms and (b) twin boundaries on
the motion of hai dislocations.
Y???????? I1-SF??????? f11¯21g?????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????? [154]???????
??????????????????????? 4.15(a)??????????????
?????????????????????????????????? 4.15(b)???
????????????????????????????????????????
???????????Mg–Y??????????????????????????
???
Mg–Y?????? I1-SF?????? f11¯21g??????????????????
????????????????????????????????????????
? [25, 56, 141]?????????????????????????????????
???????????????????????????????????????
?????????????????????????????????Mg?????
?????????????????????????????
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4.4 ??
??Mg–Y??????Y??????????????????????????
????????????????????????????I1??????SF???
????Mg????????????????? Burgers???????[11¯20]???
???????????????????????????????f11¯22g??????
hc+ai???????????? f11¯21g??????????????????????
????????? stair-rod???????? I1-SF????????????????
?????
??????? hai??? I1-SF?????? f11¯21g???????????????
?????????????????? pilu-up??????????????????
??????????I1????????????????? f11¯21g????????
??????????????????????
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?5? ??????????Mg???
???????????????
???????
5.1 ??
???????????????????????????????????????
?????????????????????????????????????anhar-
monicity????????????? [155]????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????
???????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????? [88]???
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????QHA: Quasi-Harmonic Approximation? [155] ??
??????????????? [87,156–160]???????????????????
????????????????????????????????????????
????????????????
???????????QHA?????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????QHA??????????????
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????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????
??????????????Mg????????????????????QHA
???????????????????????????????????????
???????hcp???????Mg??????????????????????
???????QHA??????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????
5.2 ?????
5.2.1 ??????????
?????QHA [155]????????????????????????????
????????????????? FQHA?????????????????
FQHA(fig;T ) = Ec(fig) + Fvib(fig;T ) (5.1)
Fvib(fig;T ) = 1Nq
X
q;s
~!q;s(fig)
2
+
kBT
Nq
X
q;s
ln
"
1   exp
 
 ~!q;s(fig)kBT
!#
(5.2)
????Ec??????????????????????????????????Fvib
??????????????????T ??????~??????????kB???
??????!q;s??????? q???????? s?????????????Nq?
?????? q???????fig????????????????????????
????????????QHA?????????????????????????
???????????????????????????????????????
??? (5.2)??????????????????????????????????
????????
???????????????Mg??? hcp?????????????????
??????? Fig. 5.1?????????????? a??? c???????Fig. 5.1
????????????? hcp?????????????Mg??? 2??????
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?????? hcp????????????????????? 2 ??????? a=a0
??? c=a??????????????????????
fig = f1; 2g = fa=a0; c=ag (5.3)
????a0????????????????????????Mg??? a?????
?T=0 K??????????????? (5.1)???? (5.2)????????? FQHA?
????????????
FQHA(f1; 2g;T ) = Ec(f1; 2g) + Fvib(f1; 2g;T ) (5.4)
Fvib(f1; 2g; T ) = 1Nq
X
q;s
~!q;s(f1; 2g)
2
+
kBT
Nq
X
q;s
ln
"
1   exp
 
 ~!q;s(f1; 2g)kBT
!#
(5.5)
?????? (5.4)?? (5.5)??? FQHA(f1; 2g;T )??????Mg?????????
???????????
a
c
[1210]
[0001]
[2110]
[1120]
--
--
- -
Fig. 5.1: Schematic of hexagonal close-packed lattice structure. Open spheres represent atoms
within the unit cell.
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5.2.2 ????????
??????? FQHA????? fig????????????????FQHA????
????? fig???????????????? Ec???!q;s??????????
????????Ec??? !q;s?????????????????????????
???????????????????????????????????????
???? fig???????????????????fig?????????????
????? Ec???!q;s????????????????????????????
?????????????????????????????????? FQHA???
???????????????????Ec??? !q;s??????????????
???????????????????? FQHA?????????????????
???????????????????????????????? Ec???!q;s?
????????????????????????
???Ec???????????????????????????? Ec?????
????????
Ec = A0 +
9A1A3
16
8>>><>>>:
26666664 A31
! 2
3
  1
37777775
3
A2 +
26666664 A31
! 2
3
  1
37777775
2 266666646   4  A31
! 2
3
37777775
9>>>=>>>; (5.6)
Ai(2) = Bi;0 + Bi;1  2 + Bi;2  22 + Bi;3  32 + Bi;4  42 (i = 0;    ; 3) (5.7)
? (5.6)???? (5.7)????Birch-Murnaghan??????????????????
?????????????????????????????????????????
?????????????2??????? 1?????????????????
??? (5.6)????? 2???????????? Ai(2)?????????????
??????? Ai???? (5.7)??????? Bi; j????????????????
???????? Bi; j????????Ec??????????????????
???!q;s???????????????????????? q???????? s
????!q;s????????????? 1; 2?????? ???????????
?????
!q;s(1; 2) = Cq;s0 +Cq;s1  1 +Cq;s2  2
+Cq;s3  1  2 +Cq;s4  21 +Cq;s5  22
+    +Cq;sl 1  1 +Cq;sl  2 (5.8)
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??????????????????????? 1??2??3??????????
????????????????????????????
!(1)q;s(1; 2) = Cq;s0 +Cq;s1  1 +Cq;s2  2 (5.9)
!(2)q;s(1; 2) = !(1)q;s(1; 2) +Cq;s3  1  2 +Cq;s4  21 +Cq;s5  22 (5.10)
!(3)q;s(1; 2) = !(2)q;s(1; 2)
+Cq;s6  21  2 +Cq;s7  1  22 +Cq;s8  31 +Cq;s9  32 (5.11)
??????????????????????????????????????!q;s
??????????????????????????Cq;s????????????
????????!q;s??????????????????????????????
????????????????????????????????????????
5.2.3 ???????????
?????????????? “Quantum Espresso” [161]?????????????
?????????????????DFT? [162]?????????????????
????????DFPT: Density Functional Perturbation Theory? [163]????????
???????????? Perdew-Burke-Ernzerhof??????????? [124]???
????????????????RRKJ???? [164]??????????????
???????????????????Mg??????? hcp?????????
????k?????????Monkhorst-Pack??? [125]????????????
????????????k???????? 16  16  12?????????????
????????????????????????? 462 eV?34 Ry???? 3701 eV
?272 Ry??????Brillouin???????????Marzari-Vanderbilt???????
?? [165]???????? 0.544 eV?0.04 Ry?????DFT????? DFPT???
???????????????????????????? 1:36  10 7 eV?10 8 Ry?
??? 1:85  10 10 eV2?10 12 Ry2????????DFPT?????????????
????????????????? Brillouin????????? 6  6  6????
Fvib?????????????????????????????????????
??????????? 101010??????????????Mg????????
???? 2????????? 1000?? q????????????????? s??
????????????????????????????????????? 6000
???????????????????
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???? 1??? 2??????????????????????? 0 K????
?????????????? a??? c?????????????????????
?????????????? a????? 0.3112 nm?? 0.3271 nm????? c=a?
???? 1.546?? 1.696??????????????? 7????????????
?? 49?? 1; 2???????????????????????????? Ec??
??!q;s????????????????????????????????????
???????????????????????? 49??????????????
??????????Cq;s?????????????????? 6000???????
?????? 1; 2???!q;s??????????????????????????
5.2.4 ????????
5.2.1???????????? FQHA??????????????????????
???????????????? T ???????? a(T )??? c(T )???????
?????????? FQHA(1; 2; T )????????????? min1 (T )??? min2 (T )
??????????????????????
a(T ) = min1 (T )  a0
c(T ) = min2 (T )  a(T ) (5.12)
????????????? a??? c????????????? T0??????
?? a(T0)??? c(T0)?????????????????????????????
???????????????????
a(T ) = @
@T
 
a(T )   a(T0)
a(T0)
!
c(T ) = @
@T
 
c(T )   c(T0)
c(T0)
!
(5.13)
???????? 0 K?? 600 K??????????? 10 K????????????
????????????????????????????????? [166]????
????????????????????????????????????????
???????????? (13)???????????????????? T0 = 290 K
??????
5.3 ?????????
5.3.1 ???????
5.2.3?????????????DFT????DFPT?????Mg???????
?????????????????????????T = 0 K??DFT???????
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????????? a = 0:3191 nm????? c=a = 1:621?????????????
???????? DFPT ???????????? !q;s??????????????
?????????????? Fig. 5.2??????????????????????
?????????? [167,168]?????????????????????????
?????????????????????????????????????
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Fig. 5.2: Phonon dispersion curves of hcp Mg at 0 K. The symbols  , M, K, A and H represent
special points in thereciprocal space, i.e.,   = (0, 0, 0), M = (1/2, 0, 0), K = (1/3, 1/3, 0), A =
(0, 0, 1/2), H = (1/3, 1/3, 1/2). The experimental data (plots) are from Refs.17, 18.
5.3.2 ??????????
5.2.2?????????Ec?????? (5.6)??? (5.7)??????!q;s?????
? (5.9)(5.11)??????????????????????????????????
??Ec???!q;s????????????????????????????????
?????? a0?????Mg???????????????????a0 = 0:3191 nm?
??????
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???DFT????? 1; 2??????????????????????????
??????????? Ec??????????????????DFT???????
?? Ec???????????????????????????? 6:0  10 6 eV??
???????????49???????????? 2:3  10 6 eV?????????
??????????????????????? 10 6 eV?????????????
?????????????????? Ec????????????????????
??????
???DFPT???????????????????????DFPT???????
????????????????????????????????????????
? (5.9)(5.11)?????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????? !Approx?DFPT???????
????!DFPT ??? !????????? !?????
!q;s(1; 2) =j !Approxq;s (1; 2)   !DFPTq;s (1; 2) j (5.14)
! =
1
NqNs
1
P1
1
P2
X
q;s
X
p1
X
p2
!q;s(1;p1 ; 2;p2) (5.15)
????Ns??????????Pi????? i?????????????????
Ns = 6?Pi = 7 (i = 1; 2)????
????????????????????? (5.14)???????????????
????????????????? Fig. 5.3????Fig. 5.3????????!(1)??
??!(2)????!(3)??????????????????????????????
??????????????????????????!????????????
????????????????????????????????????????
????????????????????????????????1??2??3?
???????????? !????????? 0.27 THz?0.18 THz?0.12 THz??
????? !????? 0.037 THz?0.011 THz?0.006 THz????????????
??????????????????? 3????????????????????
??????????????Fig. 5.3????????Mg????????????
?????????????????????????PHDOS: PHonon DOS?????
?????????????? PHDOS?????????? 1???????????
?????????????????????????????????
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Fig. 5.3: Histograms of total fitting errors in the phonon frequencies calculated by a linear,
quadratic and cubic polynomial over all the discrete points. Insets show the phonon densities of
state (DOS) curves reproduced by using each polynomial of !q;s.
????0 K???????????????????????????????? 3?
?????????????? PHDOS??DFPT??????????? PHDOS??
??????? Fig. 5.4????Fig. 5.4???????????????? PHDOS??
??DFPT???????????????? PHDOS???????????????
????????????????????????????????????????
3???????????????????????????????????????
??????????????????????????????????????!q;s
????????????????????????????????????????
??????????????????? DFPT ?????????????????
??????????????????????QHA????????????!q;s?
????????????????????????????????????????
???????????
???? (5.2)???? Fvib???????????!q;s??????????????
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Fig. 5.4: Phonon densities of state (DOS) of hcp Mg at 0 K obtained from the approximate
polynomials of !q;s and direct DFPT calculation.
???????????????????????????????? Fvib??????
????????????????????????? !Approx??? !DFPT?????
??? Fvib?????????????????1??2??3??!Approx??????
???????? 0 K??????????? 9:310 5 eV?2:110 5 eV?1:610 5 eV
????????????????????????????????????????
? Fvib?????????????????????
5.3.3 ????????
5.3.2?????? Ec??? !q;s????????????????????? FQHA
?????5.2.4???????????? hcp?????? a???? c??????
??????????? a???? c???????? Fig. 5.5(a)??? (b)?????
???Fig. 5.5????????!(1)????!(2)????!(3)????????????
?????????????????????????????? [166]???????
??? (5.13)????????????? T0???????????????????
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????????????????????????????????????Fig. 5.5
??????????????? 100 K??????????????????????
?????????????? 100 K???????????????????????
????????????????????????????????????Mg??
???????????????????????????????????
???!q;s??????????????????????c??????? [Fig. 5.5(b)]
??????????????????????????????a??????? [Fig. 5.5(a)]
?????!(2)???!(3)????????????????????????????
???????!(1)?????????????????? 200 K??????????
??????????????????5.3.2???????????????????
????????????????????????????????????????
???????? 1???????????????????????????????
???????????????????Mg???? 600 K???????????
??????????!q;s???? 2???????????????????????
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Fig. 5.5: Temperature dependence of thermal expansion coecients of the lattice parameters
(a) a and (b) c in hcp Mg. Dotted, dashed and solid curves represent the calculated results for
dierent polynomial orders for !q;s. The experimental data (plots) are from Ref. 16.
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